Do Decapod Crustaceans Have Nociceptors for Extreme pH? by Puri, Sakshi & Faulkes, Zen
Do Decapod Crustaceans Have Nociceptors for Extreme
pH?
Sakshi Puri, Zen Faulkes*
Department of Biology, The University of Texas-Pan American, Edinburg, Texas, United States of America
Abstract
Background: Nociception is the physiological detection of noxious stimuli. Because of its obvious importance, nociception
is expected to be widespread across animal taxa and to trigger robust behaviours reliably. Nociception in invertebrates,
such as crustaceans, is poorly studied.
Methodology/Principal Findings: Three decapod crustacean species were tested for nociceptive behaviour: Louisiana red
swamp crayfish (Procambarus clarkii), white shrimp (Litopenaeus setiferus), and grass shrimp (Palaemonetes sp.). Applying
sodium hydroxide, hydrochloric acid, or benzocaine to the antennae caused no change in behaviour in the three species
compared to controls. Animals did not groom the stimulated antenna, and there was no difference in movement of treated
individuals and controls. Extracellular recordings of antennal nerves in P. clarkii revealed continual spontaneous activity, but
no neurons that were reliably excited by the application of concentrated sodium hydroxide or hydrochloric acid.
Conclusions/Significance: Previously reported responses to extreme pH are either not consistently evoked across species or
were mischaracterized as nociception. There was no behavioural or physiological evidence that the antennae contained
specialized nociceptors that responded to pH.
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Introduction
Nociception is the physiological detection of stimuli that are
potentially damaging to tissue [1–2]. It is closely correlated, but
not identical, to the psychological experience of pain [3], and the
relationship between nociception and pain, like any relationship
between sensory information and subjective perception, is complex
[4–5]. Understanding nociception in a particular species has
significant implications for the care and welfare of that species, and
may create new models for research on human pain. For example,
a recent review [6] noted that nobody had yet recorded from
mammalian sensory neurons for nociception at the receptor
ending because the neurons are too small. Invertebrates may offer
more tractable systems for studying nociceptor activation, as they
have for other problems in neurobiology.
Most research on nociception has been conducted on mammals
[5] and other vertebrates [6–7]. Nociception has been documented in
multiple invertebrate phyla [6], including annelids [8–9], nematodes
[10], mollusks [11], and insects [12–14]. Nevertheless, the entirety of
research on nociception for a given phylum is often represented by
very small numbers of species [6]. While it might be expected that
nociception is widespread and robust, nociception varies across
species. For example, the chemical capsaicin is commonly used as a
noxious stimulus in experiments with mammals [15–17] and triggers
nociceptors in some invertebrates [8,10], but is not noxious to
Drosophila melanogaster [12]. Similarly, naked mole rats (Heterocephalus
glaber) do not respond to inflammation as other mammals do [18].
Additionally, several of the invertebrate species in which nociception
has been documented are limited as models for studying the
physiology of individual nociceptors, due to the small size of the
animals.
Only recently have any studies directly addressed crustacean
nociception [19–22], the first of which was behavioural evidence of
nociception inprawns(Palaemonelegans)[20]. The authorsapplied acids
or bases to an individual’s antenna, which is a major tactile organ [23]
that is used in exploratory behaviour [24–25] in decapod crustacea.
Grooming was preferentially directed towards the stimulated antenna,
and grooming was reduced if benzocaine, a local anaesthetic, was
applied to the antenna before the noxious stimulant. Most of these
findings are broadly consistent with nociception in the better-studied
vertebrates, but some are not. For example, benzocaine alone caused
a significant increase in grooming, which is not consistent with it
acting as an anaesthetic. Further, Elwood and Appel [19] claim that
‘‘connections from nociceptors to learning centres are found in
decapods,’’ but the word ‘‘nociceptor’’ or any variation thereof never
appears in the paper they cite in support of the statement [26].
If decapod crustaceans show nociceptive behaviour, a reason-
able hypothesis is that this behaviour is mediated by specialized
sensory neurons that are specifically tuned to tissue-damaging
stimuli, i.e., nociceptors. In other animals, nociceptors are often
polymodal, and can be triggered by extreme pH [27], extreme
temperatures [10,28], or chemical agonists (e.g., capsaicin [8,10])
in addition to mechanical damage [11]. Nociceptors are also prone
to sensitization if they are repeatedly stimulated [6].
PLoS ONE | www.plosone.org 1 April 2010 | Volume 5 | Issue 4 | e10244Here, we search for evidence of nociception in crustaceans using
behavioural and physiological approaches. First, we replicated the
behavioural experiments of Barr and colleagues [20] with three
other species of decapod crustaceans (Fig. 1): white shrimp
(Litopenaeus setiferus), grass shrimp (Palaemonetes sp.), and Louisiana
red swamp crayfish (Procambarus clarkii). We hypothesize that
nociception should be widespread across many decapod crusta-
cean species, given that nociceptive neurons are widely distributed
through the animal kingdom [6], nociception has been suggested
to exist in multiple crustacean species [19–20], and that these
species are likely to encounter similar kinds of noxious stimuli; e.g.,
mechanical damage from predators, etc.
Second, we recorded the responses of antennal sensory neurons
using standard electrophysiological techniques. We hypothesize
that if crustacean nociceptors exist, they should have the following
physiological properties, based on analogy with nociceptors in
other animals [6]. First, crustacean nociceptors should be
detectable by extracellular recording; i.e., there is no a priori
reason to think that nociceptors would be nonspiking or have
action potentials so small as to be undetectable. Second,
crustacean nociceptors are likely to be tonic excitatory neurons
that will show a rapid and sustained increase in the rate of action
potentials when exposed to potentially noxious stimuli. Third,
crustacean nociceptors are not likely to be more susceptible to
damage or death from the noxious stimuli they detect than other
sensory neurons in the same region. Given the results of Barr and
colleagues [20], we also hypothesize that concentrated acids or
bases should be noxious stimuli that will trigger nociceptors, and
that nociceptors should be present throughout the antennae.
Earlier versions of this work have been presented in abstract
[29].
Results
Antenna swabbing
Neither P. clarkii nor L. setiferus showed any significant difference
in behaviour following the application of 6 mol L
21 NaOH or
6 mol L
21 HCl to the antennae compared to the application of
controls (Fig. 2a–d). No antennal grooming was seen for either
species in either condition, nor were there significant differences in
activity (P. clarkii: HCl, t22=0.29, P=0.77; NaOH, t19=1.00,
P=0.33; L. setiferus: HCl, t18=20.94, P=0.36; NaOH,
t18=21.32, P=0.20).
Palaemonetes sp. (Fig. 2e–h) showed no grooming behaviour
following application of either 1 mol L
21 HCl or 1 mol L
21
NaOH, and no change in activity following application of 1 mol
L
21 HCl (t15=0.94, P=0.36). An initial experiment (Fig. 2f)
showed that application of 1 mol L
21 NaOH significantly reduced
activity (t18=2.38, P=0.028). Given that this result was not
congruent with the other five experiments described above, we
tested Palaemonetes sp. two additional times (Fig. 2g–h). Neither
yielded a significant difference in activity (t15=0.066, P=0.95 and
t22=1.40. P=0.17).
Previously, benzocaine alone was found to induce significant
directed grooming in P. elegans [20]. Applying 2% benzocaine to
P. clarkii caused no grooming, and no significant difference in
activity compared to controls (t18=20.69, P=0.50) (Figure 3).
We did not see the rubbing of antennae against the sides of the
tank described by Barr and colleagues [20] in any condition. All
touches of the antennae to the tank appeared incidental.
Tailflips occurred too rarely to analyze quantitatively. There
were seven instances of tailflipping across all experiments involving
all three species. The context in which tailflips occurred suggested
that they were responses to handling.
Individuals suffered no long-term effects from the noxious
stimuli in any experiment. The treated and control animals’ health
was not noticeably different in the days after the experiment was
conducted.
Antennal sensory neurons do not respond to extreme pH
or benzocaine
We recorded antennal sensory neurons of P. clarkii under three
conditions: a baseline in which an exposed portion of the antenna
was dry; a control condition in which the exposed portion of the
antenna was bathed in a putatively innocuous liquid, and; a test
condition in which the exposed antenna was bathed in a putatively
noxious liquid. If there were nociceptors responding to extremes of
pH, we predicted that the noxious stimuli alone would cause a
rapid and sustained increase in activity of a neuron, or that a
previously silent neuron would begin firing.
We found no consistent response to 6 mol L
21 NaOH (n=8;
five representative recordings shown in Fig. 4), 6 mol L
21 HCl
(n=6; five representative recordings shown in Fig. 5), or 2%
benzocaine (n=6; five representative recordings shown in Fig. 6).
Although some neurons in some individuals increased their activity
in the noxious condition, the variation from individual to
individual indicates that these were spontaneous variations in
neural activity rather than responses evoked by the noxious
stimuli. The neurons remained highly responsive to touch stimuli
and water movement throughout the experiments, as has been
found in other crayfish species [23], indicating that the recorded
neural activity was not merely the random ‘‘death throes’’ of the
cells.
Neural activity is not destroyed by swabbing
Neuronal activity was recorded in P. clarkii antennae after
swabbing with either 6 mol L
21 HCl or 6 mol L
21 NaOH (Fig. 7).
Spontaneous activity was present throughout the recording. Clear
sensory responses to tactile stimuli or turbulent water flow could be
elicited for many tens of minutes, much longer than the ten minute
window of observation for the behavioural experiments. Thus,
these observations did not support the hypothesis that individuals
did not respond to noxious stimuli because many sensory neurons
were destroyed by the mechanical act of swabbing.
Discussion
We found no behavioural or physiological evidence for nocicep-
tors that respond to extreme pH in the antennae. Our results differ
from those of Barr and colleagues [20], who reported a significant
enhancement of antennal grooming with both benzocaine and
Figure 1. Partial crustacean phylogeny. Phylogenetic relationships
of species studied in this paper (shown in bold) and previous studies
(Palaemon elegans, [20]; Pagurus bernhardus, [19,21]). Phylogeny based
on [43–45].
doi:10.1371/journal.pone.0010244.g001
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grooming in response to any stimuli.
Palaemonetes sp. was the only species that significantly changed
behaviour in response to noxious stimuli in one experiment.
Although this species is most closely related to the previously
studied P. elegans [20], we do not consider this result strong
evidence supporting nociception in caridean shrimps. First, the
reported behaviours are different: P. elegans responded to extreme
pH by grooming the stimulated region [20], whereas Palaemonetes
sp. responded to extreme pH by reducing their movement.
Second, there is no clear reason why only caridean shrimps should
show nociception in these conditions. Neither P. clarkii nor L.
setiferus showed any response to noxious stimuli, even though they
were subjected to more intense stimuli than Palaemonetes sp.,
namely a six-fold greater concentration of sodium hydroxide.
Third, the effect was not reliably replicated. This, plus the lack of
congruence with the results from the other two species and the
hydrochloric acid stimuli, suggests that one experiment generated
a false positive.
Crustaceans in previous experiments [19–21] appear to sense
something that causes a change in behaviour, and we suggest two
possibilities that may reconcile these results. First, we suggest that
the behaviour of P. elegans [20] may be grooming behaviour rather
than nociceptive behaviour. This is consistent with the fact that P.
elegans grooms in response to benzocaine, an anaesthetic [20],
which is not expected if grooming was driven by nociceptive
neurons tuned to tissue damage. The differences in the results of
Barr and colleagues [20] and this study may be due in part to
variation of grooming behaviour in decapods [30–33]. Second, we
suggest that in experiments using electric shock as noxious stimuli
[19,21], it is possible that animals may be detecting the stimuli
using neurons that are not specialized nociceptors [6]. Electric
shock has the potential to stimulate any electrically excitable cells
(including muscle and other non-neuronal cells, or motor neurons
that could convey retrograde action potentials), not just nocicep-
tors. Such difficulties in interpretation underline the need for
physiological evidence of nociceptors in crustaceans.
There are various reasons on the face of it to expect crustaceans
to have nociception [34], including the widespread distribution of
nociception across taxa [6], that crustaceans show avoidance
learning [35], and so on. It seems unlikely that nociception would
be confined to a few crustacean species, for at least two reasons.
First, the sensory capabilities of decapod crustaceans are broadly
similar [34,36]. Second, there is no clear ecological reason why
nociception should be present in a patchy pattern across species.
We think it unlikely that nociception is found in only a few
crustacean species, but there is one clear case of a species with
significantly reduced nociception compared to related species.
Naked mole rats (Heterocephalus glaber) show significantly less
nociception than other mammals, and their sensory neurons and
neural pathways are quite different than other mammals [18,37].
Although not predicted in advance, there are several ecological
factors that may explain the naked mole rats’ unusual features
regarding nociception (e.g., carbon dioxide build-up in their
subterranean colonies) [6].
Nevertheless, some genetic research points to a possibility that
crustaceans may not have nociceptors like those of better studied
insects. In Drosophila melanogaster, nociception is mediated by a
transient receptor potential (TRP) ion channel in the A subfamily,
coded by the Pain gene [38]. Orthologs of the D. melanogaster Pain
gene have been found in five other diverse insect species (silk
moths, Bombyx mori; flour beetles, Tribolium castaneum; honey bees,
Apis mellifera; parasitoid wasps, Nasonia vitripennis; and lice, Pediculus
humanus). Insects contain four or five TRPA genes, but the
crustacean Daphnia pulex contains only one [38], indicating that
TRPA diversification occurred after the divergence between
insects and crustaceans [39]. Thus, it is possible that the
nociceptive Pain gene in D. melanogaster evolved after the insect-
crustacean split, and that the one D. pulex TRPA gene is not
homologous to the insect Pain gene. Crustacean nociceptors,
should they exist, may not be evolutionarily related to those in
insects.
We want to make it clear that we are not claiming that
crustaceans do not have nociceptors. We are not claiming that
crustaceans do not feel pain. Indeed, as we have emphasized, there
are many reasons to expect that they could [34], making the results
presented here all the more surprising. We are, however,
suggesting that the evidence for nociception in crustaceans is still
relatively weak, and that the role of nociception in crustacean
behaviour may well be neither simple nor straightforward. It is
possible that nociceptors may be found in other body areas than
the antennae (although one would intuitively expect nociceptors
would be found in an animal’s major exploratory organ; [24–25]).
It is also possible that extremes of pH are encountered in aquatic
environments so rarely that acids and bases are ecologically
irrelevant stimuli that do not evoke a nociceptive response.
Nevertheless, nociceptors in other freshwater species, including
trout [40–41] and leeches [9], respond to external application of
acid on the skin, although the current ecological relevance of
extreme pH to these species is a matter of some speculation [41].
Other kinds of stimuli, such as mechanical damage, temperature,
or selected chemicals, may trigger nociceptive behaviour more
readily in decapod crustaceans than extreme pH.
Figure 3. Behaviour following control and benzocaine stimuli.
Movement of crayfish (P. clarkii) after application of control or 2%
benzocaine to one antenna.
doi:10.1371/journal.pone.0010244.g003
Figure 2. Behaviour following control and noxious stimuli. Movement of animals following application of control or noxious stimuli (HCl or
NaOH) to one antenna. (A–B) Crayfish (P. clarkii). (C–D) White shrimp (L. setiferus). (E–H) Grass shrimp (Palaemonetes sp.). Significant probabilities in
bold.
doi:10.1371/journal.pone.0010244.g002
Crustacean Nociceptors
PLoS ONE | www.plosone.org 4 April 2010 | Volume 5 | Issue 4 | e10244Figure 4. Neural responses to NaOH application. Spikes sorted from extracellular recordings of crayfish (P. clarkii) antennal nerves. Each row
(A–E) shows one individual; columns (i–iii) show treatment. i = baseline; ii = application of saline control; iii = application of 6 mol L
21 NaOH
treatment. Heights of different spikes within an individual are proportional to original recording; colours are arbitrary.
doi:10.1371/journal.pone.0010244.g004
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PLoS ONE | www.plosone.org 5 April 2010 | Volume 5 | Issue 4 | e10244Figure 5. Neural responses to HCl application. Spikes sorted from extracellular recordings of crayfish (P. clarkii) antennal nerves. Each row (A–E)
shows one individual; columns (i–iii) show treatment. i = baseline; ii = application of saline control; iii = application of 6 mol L
21 HCl treatment.
Heights of different spikes within an individual are proportional to original recording; colours are arbitrary.
doi:10.1371/journal.pone.0010244.g005
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Animals
Procambarus clarkii (Girard, 1852), Litopenaeus setiferus (Linnaeus,
1767) and Palaemonetes sp. were bought from commercial suppliers,
transported to The University of Texas-Pan American and housed
in aquaria. Procambarus clarkii were housed individually, while L.
setiferus and Palaemonetes sp. were housed communally. Animals of
both sexes were used in all experiments.
All experiments were carried out in accordance with federal and
state laws and the policies of The University of Texas-Pan
American, which exempt research on invertebrates from Institu-
tional Animal Care and Use Committee (IACUC) review.
Antennal swabbing
Three stimuli used in experiments: sodium hydroxide (NaOH)
(which generated the largest effects in prior experiments [20]),
hydrochloric acid (HCl) (rather than the acetic acid used in [20]),
and benzocaine (C9H11NO2; dissolved in ethanol, as it is not
soluble in water). In all experiments, individuals were removed
from water and placed on a paper towel. Half the individuals
swabbed with a control (water or sea water for NaCl and HCl;
ethanol for benzocaine) on the distal half of one second antenna,
and half were swabbed the stimulus. Thus, each individual had an
antenna that was not swabbed, so that any effects of the
mechanical action of swabbing alone could be detected.
Following application of the stimulus, each individual was
placed in a small tank for observation. Litopenaeus setiferus and P.
clarkii were observed in tanks 175 mm long 6100 mm wide
690 mm high. Palaemonetes sp. individuals were tested in tanks
200 mm long690 mm wide6150 mm high. These tank sizes are
roughly comparable to those used previously [20]. Tanks were
filled with ,50–80 mm of water or sea water (about twice a deep
as [20]), except where noted. Behaviour was recorded using a
digital video camera (Logitech) to a PC hard drive for 10 minutes,
compared to 5 minutes used by [20].
Behaviour was measured in three ways, based on methods in
[20]. First, ‘‘directed grooming’’ was measured by contact of other
portions of the body (i.e., mouth, legs) with either antenna. Unlike
Barr and colleagues [20], we did not include antennae contacting
the tank wall in our measure of grooming, as incidental contact
seemed highly probable given the small size of the tank and the
length of the antennae, particularly in L. setiferus. Second,
‘‘activity’’ was measured by counting the number of times the
anterior region of the carapace (i.e., eyes) crossed the midline of
the tank along its long axis. Third, ‘‘tailflips’’ were recorded. The
number of individuals tested in each experiment ranged from 17 to
24. Results were analyzed using unpaired t-tests.
To find a low but effective noxious stimulus, several preliminary
trials were made. Preliminary trials on P. clarkii and L. setiferus with
similar acid and base concentrations to those used by [20]
generated no detectable responses, so the concentrations were
gradually increased during preliminary trials to 6 mol L
21, which
was the concentration used in all experiments with these two
species. Palaemonetes sp. individuals were treated with 1 mol L
21
NaOH and 1 mol L
21 HCl, which is comparable to concentra-
tions used by [20]. Procambarus clarkii was the only species tested
with 2% benzocaine in ethanol (same concentration as [20]).
No individuals were tested twice. Following their use in these
experiments, animals were kept and housed in the lab. Their status
was monitored during routine animal care.
Antennae were examined under a dissecting microscope before
and after swabbing with water and NaOH to determine if
swabbing caused any noticeable alterations in antennal shape,
particularly putative sensory hairs.
Electrophysiology
Procambarus clarkii of both sexes were anesthetized by cooling on
ice. One second antenna [23] was cut and placed in freshwater
crayfish saline composed of (mmol L
21) 210 NaCl, 2.5 KCl, 2.5
MgCl2, 14 CaCl2, and buffered to pH 7.45–7.6 with TRIS [42].
The nerve was exposed by dissection.
We prepared a dish containing a well made from petroleum
jelly about 10–20 mm in diameter. The antenna was placed across
the top of the well, and was then secured with additional
petroleum jelly. Crayfish saline was added to the dish outside the
well. The well prevented the liquid being tested (i.e., saline,
NaOH, HCl, benzocaine) from interacting with the exposed nerve
at the dissected end of the tissue. The nerve tip was placed inside a
suction electrode. The recording was allowed to equilibrate for
Figure 7. Neural activity following swabbing. Extracellular
recordings of crayfish (P. clarkii) antennal nerve, taken 10 minutes after
swabbing with (A) 6 mol L
21 NaOH, (B) 6 mol L
21 HCl.
doi:10.1371/journal.pone.0010244.g007
Figure 6. Neural responses to benzocaine application. Spikes sorted from extracellular recordings of crayfish (P. clarkii) antennal nerves. Each
row (A–E) shows one individual; columns (i–iii) show treatment. i = baseline; ii = application of ethanol control (necessary due to hydrophobic
nature of benzocaine); iii = application of 2% benzocaine treatment. Heights of different spikes within an individual are proportional to original
recording; colours are arbitrary.
doi:10.1371/journal.pone.0010244.g006
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saline for NaOH and HCl experiments; ethanol for benzocaine
experiments) was placed in the petroleum jelly well for one minute
(control condition). The saline was withdrawn from the well, and
the preparation was again allowed to equilibrate for two minutes.
Then, the test stimulus (6 mol L
21 NaOH, 6 mol L
21 HCl, or 2%
benzocaine in ethanol) was placed in the well for one minute. The
series of treatments (baseline, control liquid, and test liquid,
interleaved with equilibration periods) was conducted at least twice
for each individual.
Electrical activity was sampled at 20 kHz though a CED 1902
amplifier (Cambridge Electronic Design), HumBug noise filter
(Quest Scientific), CED Micro 1401 Mark II analogue-to-digital
board (Cambridge Electronic Design), and recorded on a Windows-
based PC using Spike 2 version 5.20 software (Cambridge
ElectronicDesign). The spike sorting capabilities of Spike 2 software
were used to identify individual neurons on the basis of spike height
and shape. For each treatment, we made at least five recordings
where we were able to distinguish three spikes or more.
To test whether the mechanical action of swabbing the
antennae destroyed the sensory neurons, antenna were dissected
from chilled crayfish, as described above. The antenna was
swabbed with 6 mol L
21 NaOH or 6 mol L
21 HCl in the same
way as intact animals. The antenna was placed back in saline in a
dish, and the nerve tip was placed inside a suction electrode, and
recorded as described above.
Acknowledgments
We thank the Coastal Studies Laboratory (The University of Texas-Pan
American) for providing facilities and support.
Author Contributions
Conceived and designed the experiments: ZF. Performed the experiments:
SP. Analyzed the data: SP ZF. Wrote the paper: SP ZF.
References
1. Kavaliers M (1988) Evolutionary and comparative aspects of nociception. Brain
Research Bulletin 21: 923–931.
2. Lewin GR, Lu Y, Park TJ (2004) A plethora of painful molecules. Current
Opinion in Neurobiology 14: 443–449.
3. IASP Task Force on Taxonomy (1994) Part III: Pain terms, a current list with
definitions and notes on usage. In: Merskey H, Bogduk N, eds. Classification of
Chronic Pain: Descriptions of Chronic Pain Syndromes and Definitions of Pain
Terms, Second Edition. Seattle: IASP Press. pp 209–214.
4. Millan MJ (1999) The induction of pain: an integrative review. Progress in
Neurobiology 57: 1–164.
5. Le Bars D, Gozariu M, Cadden SW (2001) Animal models of nociception.
Pharmacological Reviews 53: 597–652.
6. St. John Smith E, Lewin G (2009) Nociceptors: A phylogenetic view. Journal of
Comparative Physiology A: Neuroethology, Sensory, Neural, and Behavioral
Physiology 195: 1089–1106.
7. Sneddon LU (2004) Evolution of nociception in vertebrates: comparative
analysis of lower vertebrates. Brain Research Reviews 46: 123–130.
8. Pastor J, Soria B, Belmonte C (1996) Properties of the nociceptive neurons of the
leech segmental ganglion. Journal of Neurophysiology 75: 2268–2279.
9. Weston KM, Foster RW, Weston AH (1984) The application of irritant
chemicals selectively to the skin of the leech ganglion/body wall preparation.
Journal of Pharmacological Methods 12: 285–297.
10. Wittenburg N, Baumeister R (1999) Thermal avoidance in Caenorhabditis elegans:
an approach to the study of nociception. Proceedings of the National Academy
of Sciences of the United States of America 96: 10477–10482.
11. Illich PA, Walters ET (1997) Mechanosensory neurons innervating Aplysia
siphon encode noxious stimuli and display nociceptive sensitization. The Journal
of Neuroscience 17: 459–469.
12. Al-Anzi B, Tracey WD, Jr., Benzer S (2006) Response of Drosophila to wasabi is
mediated by painless, the fly homolog of mammalian TRPA1/ANKTM1.
Current Biology 16: 1034–1040.
13. Tracey WD, Jr., Wilson RI, Laurent G, Benzer S (2003) painless,aDrosophila gene
essential for nociception. Cell 113: 261–273.
14. Hwang RY, Zhong L, Xu Y, Johnson T, Zhang F, et al. (2007) Nociceptive
neurons protect Drosophila larvae from parasitoid wasps. Current Biology 17:
2105–2116.
15. LaMotte RH, Lundberg LE, Torebjork HE (1992) Pain, hyperalgesia and
activity in nociceptive C units in humans after intradermal injection of capsaicin.
The Journal of Physiology 448: 749–764.
16. Schmelz M, Schmid R, Handwerker HO, Torebjork HE (2000) Encoding of
burning pain from capsaicin-treated human skin in two categories of
unmyelinated nerve fibres. Brain 123: 560–571.
17. Immke DC, Gavva NR (2006) The TRPV1 receptor and nociception. Seminars
in Cell & Developmental Biology 17: 582–591.
18. Park TJ, Lu Y, Ju ¨ttner R, Smith ESJ, Hu J, et al. (2008) Selective inflammatory
pain insensitivity in the African naked mole-rat (Heterocephalus glaber). PLoS
Biology 6: e13.
19. Elwood RW, Appel M (2009) Pain experience in hermit crabs? Animal
Behaviour 77: 1243–1246.
20. Barr S, Laming PR, Dick JTA, Elwood RW (2007) Nociception or pain in a
decapod crustacean? Animal Behaviour 75: 745–751.
21. Appel M, Elwood RW (2009) Motivational trade-offs and potential pain
experience in hermit crabs. Applied Animal Behaviour Science 119: 120–124.
22. Appel M, Elwood RW (2009) Gender differences, responsiveness and
memory of a potentially painful event in hermit crabs. Animal Behaviour 78:
1373–1379.
23. Sandeman DC (1989) Physical properties, sensory receptors and tactile reflexes
of the antenna of the Australian freshwater crayfish Cherax destructor. The Journal
of Experimental Biology 141: 197–217.
24. Basil J, Sandeman D (2000) Crayfish (Cherax destructor) use tactile cues to detect
and learn topographical changes in their environment. Ethology 106: 247–259.
25. Koch LM, Patullo BW, Macmillan DL (2006) Exploring with damaged
antennae: do crayfish compensate for injuries? The Journal of Experimental
Biology 209.
26. Sandeman DC, Sandeman R, Derby CD, Schmidt M (1992) Morphology of the
brain of crayfish, crabs, and spiny lobsters: a common nomenclature for
homologous structures. The Biological Bulletin 183: 304–326.
27. Jones NG, Slater R, Cadiou H, McNaughton P, McMahon SB (2004) Acid-
induced pain and its modulation in humans. The Journal of Neuroscience 24:
10974–10979.
28. Sneddon LU, Braithwaite VA, Gentle MJ (2003) Do fishes have nociceptors?
Evidence for the evolution of a vertebrate sensory system. Proceedings of the
Royal Society of London Series B Biological sciences 270: 1115–1121.
29. Puri S, Faulkes Z (2009) Do crayfish like spicy foods? and other tests of
crustacean nociception. Integrative and Comparative Biology 49: e139.
30. Bauer RT (1975) Grooming behavior and morphology of the caridean shrimp
Pandalus danae Stimpson (Decapoda: Natantia: Pandalidae). Zoological Journal of
the Linnean Society 56: 45–71.
31. Bauer RT (1978) Antifouling adaptations of caridean shrimps: Cleaning of the
antennal flagellum and general body grooming. Marine Biology 49: 69–82.
32. Bauer RT (1981) Grooming behavior and morphology in the decapod crustacea.
Journal of Crustacean Biology 1: 153–173.
33. Bauer RT (2002) The ineffectiveness of grooming in prevention of body fouling
in the red swamp crayfish, Procambarus clarkii. Aquaculture 208: 39–49.
34. Elwood RW, Barr S, Patterson L (2009) Pain and stress in crustaceans? Applied
Animal Behaviour Science 118: 128–136.
35. Kawai N, Kono R, Sugimoto S (2003) Avoidance learning in the crayfish
(Procambarus clarkii) depends on the predatory imminence of the unconditioned
stimulus: a behavior systems approach to learning in invertebrates. Behavioural
Brain Research 150: 229–237.
36. Atwood HL, Sandeman DC, eds (1982) The Biology of Crustacea, Volume 3:
Neurobiology: Structure and Function. New York: Academic Press. 512 p.
37. Park TJ, Comer C, Carol A, Lu Y, Hong HS, et al. (2003) Somatosensory
organization and behavior in naked mole-rats: II. Peripheral structures,
innervation, and selective lack of neuropeptides associated with thermoregula-
tion and pain. The Journal of Comparative Neurology 465: 104–120.
38. Matsuura H, Sokabe T, Kohno K, Tominaga M, Kadowaki T (2009)
Evolutionary conservation and changes in insect TRP channels. BMC
Evolutionary Biology 9: 228.
39. Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, et al. (2010) Arthropod
relationships revealed by phylogenomic analysis of nuclear protein-coding
sequences. Nature 463: 1079–1083.
40. Ashley PJ, Sneddon LU, McCrohan CR (2007) Nociception in fish: stimulus-
response properties of receptors on the head of trout Oncorhynchus mykiss. Brain
Research 1166: 47–54.
41. Sneddon LU (2003) Trigeminal somatosensory innervation of the head of a
teleost fish with particular reference to nociception. Brain Research 972: 44–52.
42. Paul DH, Mulloney B (1986) Intersegmental coordination of swimmeret rhythms
in isolated nerve cords of crayfish. Journal of Comparative Physiology A 158:
215–224.
43. Scholtz G, Richter S (1995) Phylogenetic systematics of the reptantian Decapoda
(Crustacea, Malacostraca). Zoological Journal of the Linnean Society 113:
289–328.
Crustacean Nociceptors
PLoS ONE | www.plosone.org 9 April 2010 | Volume 5 | Issue 4 | e1024444. Ahyong ST, O’Meally D (2004) Phylogeny of the Decapoda Reptantia:
Resolution using three molecular loci and morphology. The Raffles Bulletin Of
Zoology 52: 673–693.
45. Porter ML, Perez-Losada M, Crandall KA (2005) Model-based multi-locus
estimation of decapod phylogeny and divergence times. Molecular Phylogenetics
and Evolution 37: 355–369.
Crustacean Nociceptors
PLoS ONE | www.plosone.org 10 April 2010 | Volume 5 | Issue 4 | e10244